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We analyze the vibrational properties of diamondoid compounds via Raman spectroscopy. The
compounds are interconnected with carbon-carbon single bonds that exhibit exceptionally large
bond lengths up to 1.71 A˚. Attractive dispersion interactions caused by well-aligned intramolec-
ular H· · ·H contact surfaces determine the overall structures of the diamondoid derivatives. The
strong van-der-Waals interactions alter the vibrational properties of the compounds in comparison to
pristine diamondoids. Supported by dispersion-corrected density functional theory (DFT) compu-
tations, we analyze and explain their experimental Raman spectra with respect to unfunctionalized
diamondoids. We find a new set of dispersion-induced vibrational modes comprising characteris-
tic CH/CH2 vibrations with exceptionally high energies. Further, we find structure-induced dimer
modes that are indicative of the size of the dimers.
PACS numbers: 78.30.Jw, 36.20.Ng
1. INTRODUCTION
Diamondoids form a homologous series of well-defined,
saturated hydrocarbons starting from the smallest possi-
ble unit of diamond, namely adamantane1,2. Higher ho-
mologs can be seen as assembled adamantane cages with
various sizes and structures depending on how the cages
are arranged2–4. Being magnitudes smaller than bulk di-
amond (d≤ 2nm), their mechanical rigidity or chemical
inertness are comparable to those known in diamond5,6.
Optical properties, instead, are altered due to quantum
confinement effects superimposed by structure-induced
optical selection rules7–9.
Recent developments in their chemical functionalization
have led to new compounds with significantly altered
physical properties10–15. For instance, the optical ab-
sorption energies can be tuned considerably by vari-
ous functionalizations16–21. It was shown that the in-
sertion of sp2 defects as an interconnecting bridge be-
tween diamondoid monomers reduces the optical tran-
sition energies by ∼ 2 eV18,20,22–26. Such chemically
blended diamondoids further exhibit vibrational prop-
erties characteristic for both the sp2 and sp3 diamon-
doid moieties18,23,24,26–28. The latter have been ana-
lyzed up to [12312]hexamantane both experimentally and
theoretically9,29–31. It is, however, still an open question
how certain functionalizations change their vibrational
properties.
A new class of functionalized diamondoids was recently
introduced, namely diamondoid dimers that are inter-
connected by very long carbon-carbon single bonds32,33.
Depending on the size of the constituents, bond lengths
up to 1.71 A˚ have been achieved32,33. The carbon-carbon
bonds are stabilized by the intramolecular H· · ·H con-
tact surfaces that act as dispersion energy donors33–35.
On the one hand the dispersion interactions stabilize the
interconnecting carbon-carbon bonds and cause thermal
stabilities up to more than 200◦C32,33. On the other hand
they lead to high rotational barriers around the central
carbon-carbon bonds up to 33 kcal mol−1.33 It is there-
fore possible to access these compounds experimentally
even at ambient conditions.
In this article we discuss the vibrational properties of
such diamondoid dimers and related compounds. We es-
pecially address the influence of intramolecular disper-
sion interactions that lead to new characteristic vibra-
tional modes. We support our analysis by dispersion cor-
rected density functional theory (DFT) computations.
2. THEORETICAL AND EXPERIMENTAL
DETAILS
Eight diamondoid dimers, built from adamantane 1 in
Fig. 1, diamantane 2, triamantane 3, and [121]tetraman-
tane 4 were analyzed. They have either a single con-
necting carbon-carbon bond (compounds 5-9) or carbon
chains connecting the monomers (10-12). We will refer
to compounds 5-9 as direct dimers in the following. Ta-
ble I lists their chemical names and point groups.
All Raman spectra were taken in backscattering geome-
try with a Horiba LabRAM 800 spectrometer. We used a
helium-neon laser providing a wavelength of 632.816 nm
(εL = 1.96 eV). Hence, all spectra are taken in non-
resonant conditions, as the excitation energy is far be-
low the optical transition energies of the dimers, which
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FIG. 1. Diamondoids (1-4), direct diamondoid dimers (5-
9), and diamondoid dimers (10-12) labeled with compound
numbers as used in the manuscript (Table I).
are expected to be higher than ∼ 5 eV7,20,36. Excita-
tion powers were always kept below 300µW to prevent
sample degradation. At standard ambient conditions the
analyzed diamondoid dimers form stable van-der-Waals
crystals of which we used those facets that had the largest
signal-to-noise ratios in the Raman spectra.
The computations of the vibrational eigenmodes of the
diamondoid molecules were performed with the quan-
tum chemistry code ORCA37. Motivated by recent suc-
cess on the accurate determination of atomic geome-
tries and lattice vibrations in layered crystals24,38,39, we
employed the PBE exchange-correlation functional40 in
combination with the Grimme-D3 semi-empirical disper-
sion correction41. The atoms were represented by all-
electron def2-TZVP basis sets42. Using a tolerance of
10−8 eV for the SCF procedure and a Lebedev 434 points
grid (grid5 in ORCA) to ensure sufficiently converged
interatomic forces, we optimized the atomic positions
until the residual interatomic forces were smaller than
0.01 eV/A˚ and subsequently computed the vibrational
spectra and Raman intensities. The full width at half
maximum (FWHM) in the modeled Raman spectra was
set to 5 cm−1 for each Raman mode.
3. RESULTS AND DISCUSSION
The vibrational eigenmodes of diamondoids comprise
characteristic carbon-carbon and carbon-hydrogen
TABLE I. Names of each diamondoid compound and their
point group as individual molecules.
No. sample point group
1 Adamantane Td
2 Diamantane D3d
3 Triamantane C2v
4 [121]Tetramantane C2h
5 1-(1-adamantyl)adamantane D3d
6 2-(2-adamantyl)adamantane C2
7 1-(1-diamantyl)diamantane C2
8 2-(1-diamantyl)triamantane C1
9 2-(1-diamantyl)[121]tetramantane C1
10 1,2-di(1-adamantyl)ethane C2h
11 [4.4](1,3)adamantanophane C1
12 [5.5](1,3)adamantanophane C1
vibrations that are partly Raman active, depending
on the symmetry of the monomer29–31. For instance,
adamantane (C10H14) exhibits Td symmetry out of its
72 vibrational modes only 22 are Raman active1,30,31.
However, due to very low intensities, only half of the
allowed Raman modes are typically detected in an
experiment29. Larger diamondoids generally have more
vibrational modes of which a larger fraction is Raman
active since their symmetries gradually decrease with
increasing sizes2,29. This, in particular, counts for the
diamondoid dimers.
Figure 2 shows experimental Raman spectra (black) in
comparison to computed Raman spectra (blue) of all
analyzed compound that are discussed in the following.
Up to ∼ 1050 cm−1 only carbon-carbon vibrations deter-
mine the Raman spectra in both pristine diamondoids
and their single-bond dimers29–31. Lowest observable
Raman modes with counterparts in unfunctionalized
diamondoid monomers are CCC wagging modes. Yet,
in adamantane (Td) and diamantane (D3d), Raman
activity is suppressed due to their point-group symme-
tries. For example, in adamantane, the lowest-frequency
vibrational mode is a three-fold degenerate T1 wagging
mode at around 350 cm−1.30 Instead, in the single-bond
dimers, their degeneracy is lifted. Due to very low
intensities, however, these modes are barely observable
both in the experimental and computed Raman spectra.
We further observe an inertia-induced shift of the
wagging modes down to ∼ 250−330 cm−1 in the dimers.
The first low-frequency modes with reasonable Raman
intensities are CCC bending modes. They have Raman
active counterparts in the pristine diamondoids and
range from ∼ 350 − 650 cm−1 partly exhibiting a mode
mixing with other CCC wagging modes29,30. Again, we
observe a downshift of their frequencies for an increasing
size of the dimers, due to their larger inertiae. The
same holds for the CCC stretching modes ranging from
∼ 600− 1050 cm−1.
Especially between ∼ 600 − 850 cm−1, the size-induced
downshift of Raman frequencies can be followed as indi-
cated with the grey area I in Fig. 2. This energy region
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FIG. 2. Experimental (black) and computed (blue) Raman spectra of single-bond diamondoid dimers are plotted. The
laser excitation energy is εL = 1.96 eV. Ada, Dia, Tria, and Tetra stand for adamantane, diamantane, triamantane, and
[121]tetramantane, respectively. Bold numbers correspond to the compounds as listed in Fig. 1. Grey areas and Roman
numbers highlight characteristic spectral regions in the spectra. Computed CH stretch frequencies (∼ 2950 cm−1) are scaled
by a factor of 0.976 and those with the largest intensities are labeled with asterisks. BLM stands for breathing-like mode.
Computations were performed with the quantum chemistry code ORCA37 employing the PBE40 exchange-correlation functional
in combination with the Grimme-D3 dispersion correction41, see text.
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FIG. 3. Characteristic eigenmodes of an adamantane-adamantane (upper row) and the triamantane-diamantane (lower row)
dimer. The irreducible representations and computed frequencies are given next to the eigenmodes, respectively. BLM stands
for breathing-like mode. In case of compound 5 (D3d), the BLM splits into a symmetric (A1g) and an antisymmetric (A1u)
eigenmode under inversion of which the latter is not Raman active. Two breathing-like modes are observed in compound 8
resembling those of pristine triamantane (lower frequency) and pristine diamantane (higher frequency). Both the eigenmodes
for the CH2 twist and CH stretch vibrations are those with the largest frequencies for the characteristic vibrations in the
computations. Some displacement vectors are scaled for a better visibility. Computations were performed with the quantum
chemistry code ORCA37 employing the PBE40 exchange-correlation functional in combination with the Grimme-D3 dispersion
correction41.
contains the breathing-like mode (BLM) in unfunction-
alized diamondoids, indicative for their sizes26,29–31.
In the dimers, the corresponding vibrations are still
size-dependent, but further split into in-phase and
out-of-phase vibrations as recently observed for analo-
gous double-bond diamondoid oligomers24. According
to the DFT computations, a significant elongation of
the interconnecting bond is involved in the in-phase
vibrations accompanied by a significant change of the
polarizability. As a consequence, the in-phase vibrations
exhibit a high Raman intensity, in contrast to the
out-of-phase vibrations. In compound 5 (D3d) the
corresponding in-phase and out-of-phase modes are A1g
and A1u modes, in compound 10 (C2h), they are Ag
and Bg modes, and in compounds 6, 7 (C2) they are
A and B modes. A clear separation between in and
out-of-phase vibrations in the remaining compounds (8,
9, 11, 12) cannot be observed.
Especially in the homo dimers (5, 6, 7, 10), the vibra-
tional patterns of both BLMs are very similar to those
of their unfunctionalized counterparts. In contrast, in
the heterodimers, we rather observe joint breathing-like
modes partly showing a mode mixing with other CCC
stretching modes. The resulting BLM frequencies lie be-
tween those of the smaller and larger constituents. The
larger decrease of BLM frequencies in compounds 11
and 12 compared to the other adamantane compounds
(5, 6) is due to a symmetric functionalization of the 1-
and 3- positions in adamantane30. The twofold chemical
alteration is accompanied by a larger perturbation of
the primary eigenmode. This, in particular, results
in a larger frequency reduction of the BLM derived
vibrations26,29,30. Characteristic eigenmodes of the BLM
from two dimers can be seen in Fig. 3.
Both in the computations and experimental Raman
spectra, the BLM derived modes are the most intense
ones in the spectral region of carbon-carbon vibrations
(up to ∼ 1050 cm−1). They can therefore be well
identified in the spectra (Fig. 2).
From ∼ 1050 cm−1 up to 3050 cm−1, the Raman
spectra of the dimers comprise characteristic CH vi-
brations comparable to those in the unfunctionalized
counterparts29–31. Their frequencies, however, are
mostly not affected by the size or the structure of the
dimers and are similar to those in, e.g., adamantane30.
This can be seen, for instance, for the characteristic CH2
scissoring modes at around ∼ 1440 cm−1, present in all
pristine diamondoids and diamondoid dimers. They
are denoted with II (a) in Fig. 2. Besides, we observe
new CH2 scissoring modes that are only apparent in
the direct dimers. Related frequencies are found around
∼ 1490 cm−1 both in the computations and experiments,
i.e., at 50 cm−1 higher frequencies compared to un-
functionalized monomers. They are marked with II (b)
in Fig. 2. They generally exhibit vibrational patterns
confined at the intramolecular contact surfaces. One
example for the triamantane-diamantane dimer (8)
is shown in Fig. 3. It exhibits the largest computed
frequency of a CH2 scissoring mode in the particular
compound. Repulsive interactions caused by the large
H· · ·H inward contact areas lead to additional restoring
forces that increase the frequencies of inward-oriented
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FIG. 4. Experimental (black) and computed (blue) Raman
spectra of different single-bond diamondoid dimers. The laser
excitation energy is εL = 1.96 eV. The compounds are named
as listed in Fig. 1. DBM stands for dimer breathing mode24.
For comparison, also the Raman spectra of pristine adaman-
tane 1 and diamantane 2 are shown. Computations were per-
formed with the quantum chemistry code ORCA37 employ-
ing the PBE40 exchange-correlation functional in combination
with the Grimme-D3 dispersion correction41.
carbon-hydrogen vibrations. In case of the largest
[121]tetramantane-diamantane dimer (9), we find three
different scissoring modes at the intramolecular carbon
cage edges with frequencies approx. 50 cm−1 larger than
those at the outward dimer surfaces.
The smallest homo dimers (5 and 6), instead, do not
show the high-frequency CH2 scissoring modes neither
FIG. 5. Schematic vibrational patterns of dimer modes in
ascending order: rotational modes (brown), librations (blue
dashed, green dashed), shear modes (blue, green), and dimer
breathing modes (red).
in the experiments nor in the computations. Due to
the compact structure of adamantane, the dimers do
not form pronounced intramolecular surface areas.
On the one hand, this absence leads to significantly
shorter interconnecting carbon-carbon bonds than in
the larger dimers (1.56 A˚ in compound 6 vs. 1.71 A˚ in
compound 9)33,43. On the other hand, the dispersion-
induced modification of CH2 vibrations is significantly
decreased. As a consequence, the CH2 scissoring
modes are rather delocalized and resemble those of the
isolated monomers. This can be seen in Fig. 3 for the
adamantane-adamantane dimer (5), where the CH2
scissoring mode with the highest computed frequency is
shown.
The largest dispersion-induced frequency upshift
can be observed for the inward-oriented CH stretch
vibrations at around 3050 cm−1. Corresponding Ra-
man modes are indicated in the shaded area III in
Fig. 2. Along with the symmetric (lower frequencies;
∼ 2840 − 2890 cm−1) and the anti-symmetric (higher
frequencies; ∼ 2890− 2920 cm−1) CH stretch vibrations,
we find rather isolated, inward-oriented vibrations of
opposite CH pairs belonging to either constituents
(compare Fig. 3). The more the hydrogen atoms are
deflected towards the opposite diamondoid facet, the
higher is the energy of the respective CH stretch vibra-
tions. The newly observed vibrational modes range from
∼ 2920 − 3050 cm−1 in the larger diamondoid dimers.
In contrast, none of the high-energy CH stretch modes
can be observed in the adamantane dimers (compounds
5 and 6), due to the reasons discussed before. The same
holds for the other adamantane dimers interconnected
with carbon chains (10-12). For the ring-like structures
(11 and 12) we find several inward-oriented, CH stretch
vibrations in the computations. However, only in the
case of compound 11, a structure-induced frequency
increase of a few CH stretch modes is computed that
cannot be observed in the experiments. We believe
the mismatch is caused by slight differences in the
adamantane orientation within the relaxed ground-state
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FIG. 6. Characteristic low-frequency eigenmodes of an adamantane-adamantane 5 (upper row) and the triamantane-diamantane
8 (lower row) dimer. The irreducible representations and computed frequencies are given next to the eigenmodes, respectively.
DBM stands for dimer breathing mode. Computations were performed with the quantum chemistry code ORCA37 employing
the PBE40 exchange-correlation functional in combination with the Grimme-D3 dispersion correction41.
geometry, compared to the structure present in the
van-der-Waals crystals32.
In recently analyzed double-bond oligomers related
high-frequency CH2 scissoring and CH stretch modes
were not observed24. The comparably stiff double
bond causes a tilt of diamondoid moieties within the
compounds impeding the formation of pronounced
opposite intramolecular facets18,20,22,25. Consequently, a
structure-induced upshift of inward-oriented vibrations
cannot be observed.
CH stretch vibrations with the largest intensities are
totally symmetric, collective in-phase vibrations in
the monomers (A1 in compounds 1 and 3, A1g in
compounds 2 and 4)29,30. In the dimers they change
to a A1g mode in compound 5 as well as A modes
in compounds 6, 7, and an Ag mode in compound
10. Due to the low symmetries (C1), corresponding
vibrations in the remaining compounds are all A modes
with vibrational patterns resembling those from the
A1 mode in adamantane (11, 12) and the A1g mode
in diamantane (7, 8, 9)29,30. They are marked with
asterisks in Fig. 2. We believe that the corresponding
modes in the experimental spectra are also those ones
with the largest intensities but they cannot convincingly
be distinguished from other CH stretch modes.
We report a new set of structure-induced vibra-
tional modes that we refer to dimer modes24. They
comprise rotational modes, librations, shear modes,
and dimer breathing modes as illustrated in Fig. 5,
corresponding Raman spectra are shown in Fig. 4.24
Rotational modes are vibrations in which the whole
monomers rotate with respect to each other around
the interconnecting carbon-carbon bond. In the com-
putations we find one rotational mode for each direct
dimer, i.e., for compounds 5-9. In case the symmetry
is higher than C1, the axis of rotation coincides with
the principal axis of the respective compounds. We
find frequencies between 29 cm−1 (5) and 77 cm−1 (9)
in the computations. The smallest frequencies are
found for the adamantane dimers, as the intramolecular
surfaces and hence the intramolecular restoring forces
for the rotational modes are only small. The next
higher frequencies are librations, i.e., hindered rotations
around the preferred intramolecular orientations. We
find two librational modes for each dimer, which differ
in their axes of rotation, with frequencies between
∼ 90 − 135 cm−1. For slightly higher frequencies, we
find two shear modes along various directions for each
compound. In contrast to the librational modes, shear
modes are characterized by opposite displacements of
the carbon atoms at the central connecting bond. The
highest frequencies are found for the smallest dimers (5
and 6) up to 217 cm−1 whereas the largest dimer (9)
exhibits frequencies only up to 175 cm−1. In contrast
to the rotational modes and librations, the diamondoid
carbon cages undergo significant deformation in each
shear mode. Dimer modes with the largest frequencies
are the dimer breathing modes (DBM). In double-bond
interconnected diamondoid dimers, the DBM has an
inverse dependence on the sizes of the compounds24. We
can follow the same trend for the single-bond dimers
both in the experiments and computations, as shown in
Fig. 4. Experimentally, frequencies between 170 cm−1
for the largest dimer (9) and 239 cm−1 for the smallest
dimer (5) are observed. Characteristic for the DBM is
vii
a large elongation of the central carbon-carbon bond
and opposite deflections of the entire diamondoid moi-
eties. Only in case of the high-symmetric adamantane
dimer 5 (D3d) the deflection directions of all carbon
atoms coincide with the direction of the interconnecting
carbon-carbon bond. In all other cases the position of
interconnecting carbon-carbon bond does not agree with
the diamondoid’s centers of inertia. Their irreducible
representations are A1g in compound 5, Ag in compound
10, and A in all remaining compounds. Vibrational
patterns of all dimer modes are shown for two dimers
in Fig. 6. In contrast, the relevant region between
∼ 100 − 300 cm−1 in the Raman spectra of adamantane
and diamantane (Fig. 4) does not show any modes both
in the computations and experiments, clearly indicating
that the discussed modes are structure induced.
The ring-like compounds 11 and 12 do not exhibit
a clear DBM or other dimer modes but rather show
ring-like breathing modes24. In the low-frequency
range we observe many different wagging modes from
the interconnecting carbon chains resulting in various
Raman allowed low-frequency modes for the compounds
10-12.
The DBM are the Raman modes with the largest
intensities in the low-frequency region and can be well
identified as shown in Fig. 4. The diamantane dimer (7)
shows two related DBM (DBM∗) in which diamantane
moieties wag in slightly different directions. In the
computations the Raman intensities are very close.
Due to the overall good agreement to the experimental
data, we believe both DBM/DBM∗ can be observed
experimentally. Their large Raman intensities and
size-dependent frequencies allow the identification of
certain single-bond dimers. Especially in combination
with an analysis of the BLM (indicative for the size
of constituents) a clear assignment can be done. It
even allows the differentiation between homo dimers
that are interconnected at different positions. Both
DBM and BLM of the adamantane dimers (5 and 6)
are separated by ∼ 20 cm−1, although they contain the
same diamondoid moieties. The single-bond dimers
can be further clearly distinguished from sp2−bound
dimers, as the latter show the characteristic C=C
vibrations at ∼ 1660 cm−1.18,23,24 All remaining dimer
modes have only very low Raman intensities both in
the computations and experiments and can thus not be
identified in the Raman spectra.
In conclusion, we have analyzed the vibrational
properties of single-bond diamondoid dimers with excep-
tionally large dispersion interactions. The intramolecular
van-der-Waals interactions cause a frequency upshift of
isolated, inward-oriented CH2 scissoring and CH stretch
vibrations up to 150 cm−1. Especially the high-frequency
CH stretch modes at around 3050 can therefore be used
as a direct marker of strong intramolecular H· · ·H
interactions.
We have shown a new set of structure-induced low-
frequency modes comprising rotational modes, librations,
shear modes, and dimer breathing modes (DBM) with
frequencies between 23 and 232 cm−1. In all compounds,
the dimer breathing mode exhibits the largest intensity.
Its frequency depends inversely on the size of the
compounds. In combination with the breathing-like
mode (BLM), both size-dependent modes might be used
as a fingerprint for the identification of single-bond
diamondoid dimers.
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